Melting occurs at progressively greater depths and higher temperatures from west to east across the Cascades volcanic arc in northern California, as demonstrated by compositional variations observed in high-alumina olivine tholeiites. The lavas studied erupted from seven vents defining a 75-km-long, east-west transect across the arc, from near Mount Shasta to east of Medicine Lake volcano. The increase in melting depth across the arc parallels modeled isotherms in the mantle wedge and does not parallel the inferred dip of the slab. The depth of mantle melting at which the high-alumina olivine tholeiites were created is ϳ36 km at the western end of the transect and 66 km at the eastern end. The very high temperatures of dry melting so close to the crust indicate a transitory condition of the mantle.
INTRODUCTION
Quaternary volcanism in the Cascades arc in northern California produced lavas with a wide compositional range. Modern Mount Shasta has been built of four major eruptive episodes, from 120 ka to ca. 2 ka, and includes both dry and wet magmas (Baker et al., 1994) . Medicine Lake volcano has erupted throughout the past 500 k.y. (Donnelly-Nolan, 1988) , producing both near-anhydrous, high-alumina olivine tholeiites and hydrous, subduction-related calc-alkaline basalts (Kinzler et al., 2000) .
The lavas chosen for study are near-anhydrous, Quaternary highalumina olivine tholeiites, all younger than 500 ka, and closely associated in time and space with Mount Shasta and Medicine Lake volcanoes. Lavas analyzed are from the following seven units, from west to east: basalts of Whaleback-Deer Mountain saddle, Tennant, Giant Crater, Yellowjacket Butte, Mammoth Crater, Tionesta, and Damons Butte. The seven vent areas are in a transect ϳ75 km long (Fig. 1 ). These vents each produced 2-5 km 3 of magma during brief eruptions (ϳ100 yr, Champion and Donnelly-Nolan, 1994) . The lavas of the seven units are aphanitic to fine-grained (some are diktytaxitic) and equigranular to microporphyritic with Ͻ2% olivine and plagioclase microphenocrysts 0.3-0.5 mm in size, and likely represent liquid compositions.
The Mg#s of the lavas range to 71 (where Mg# ϭ [mol% MgO/ (mol% MgO ϩ mol% FeO)]). The compositional range is wide even when the data set is confined to lavas with Mg#s higher than 60: FeO in these more primitive lavas ranges from 6.8 to 10.5 wt% (Fe 2 O 3 was not measured separately), MgO is from 8.0 to 10.5 wt%, SiO 2 is from 47.2 to 50.5 wt%, CaO is from 9.5 to 12.5 wt%, K 2 O is from 0.1 to 0.4, and Al 2 O 3 is from 16.0 to 19.5 wt%. The Rb content varies from ϳ1 to 20 ppm, and Sr ranges from 150 to 450 ppm (Table 1) .
The fractional crystallization and mantle melting models applied here require dry magmas. Preeruptive water contents have been determined from melt inclusion studies and are generally Ͻ0.25 wt% (Sis-*E-mail addresses: Elkins Tanton-lelkins@mit.edu; Grove-tlgrove@ mit.edu; Donnelly-Nolan-jdnolan@usgs.gov. son and Layne, 1993; Anderson, 1973) . A few high-alumina olivine tholeiites, however, have Sr contents near the high end of the range for Cascades high-alumina olivine tholeiites. In these lavas K 2 O and Rb are low while Sr is elevated relative to that of the other lavas. Crustal contamination will lead to lower Sr abundance (Baker et al., 1991) and higher K 2 O and Rb abundances. At Medicine Lake, elevated Sr has been demonstrated to be a proxy for the presence of an H 2 O-rich slab fluid component (see Kinzler et al., 2000, then Fig. 10 ) and suggestive of hydrous melting, not a proxy for crustal contamination.
For the purpose of calculating the conditions of formation, only the lava compositions with Mg#s Ͼ 60 are considered. Limiting the compositions to Mg# Ͼ 60 left between 7 and 60 analyses available for each unit (note that the higher SiO 2 , lower Mg# samples are typically found at or near the vent, while the most primitive lavas are typically erupted late and tube fed to distal locations; it is interesting that there is a general trend from higher Mg#s in the west to lower Mg#s in the east).
DEPTHS OF FRACTIONAL CRYSTALLIZATION
The effects of fractional crystallization and crustal assimilation must be removed from even the most primitive lava composition to reconstruct a model primary mantle melt from which pressure and temperature of formation can be calculated. Our selection of seven units with primitive lavas yielded lava compositions that underwent fractional crystallization of only olivine and plagioclase. This relatively simple fractional crystallization history is used to infer a model primary magma.
Using the technique of Yang et al. (1996) , we calculated the positions of the boundaries defining the olivine, plagioclase, and clinopyroxene primary phase volumes in the olivine-plagioclase-clinopyroxene pseudoternary. Compositions from all the vents plot along their predicted olivine and plagioclase saturation boundaries, indicating olivine plus plagioclase fractionation under near-anhydrous conditions (e.g., Fig. 2) . Grove et al. (1992) demonstrated that pressure variation has little effect on the position of the olivine ϩ plagioclase saturation boundary. The major effect of increasing pressure is to move the olivine ϩ plagioclase ϩ clinopyroxene boundary down toward the olivine ϩ plagioclase join at nearly constant proportions of olivine to plagioclase. We infer a maximum pressure for fractional crystallization by calculating olivine ϩ plagioclase ϩ clinopyroxene saturation points for each composition at a range of pressures, and finding the location of the lavas with respect to these multiple saturation points.
Because the olivine ϩ plagioclase ϩ clinopyroxene multiple saturation point is pressure sensitive, and the lavas have undergone only olivine ϩ plagioclase fractionation, a maximum fractionation pressure can be estimated, but fractional crystallization at lower pressures cannot be excluded. The maximum possible fractionation pressure is given by the lava composition and the multiple saturation point that have the highest clinopyroxene content (between 8 and 10 kbar in Fig. 2 for all seven units). If the pressure at which fractional crystallization occurred were any higher, the lava compositions would cluster at the multiple saturation point and show compositional variability that indicated olivine ϩ plagioclase ϩ clinopyroxene crystallization. Because the compositional variations in the lava suites indicate olivine ϩ plagioclase fractionation, fractional crystallization must have occurred at a pressure below that where clinopyroxene was a stable phase with liquid ϩ olivine ϩ plagioclase. Fractional crystallization of olivine ϩ plagioclase thus could have occurred at any pressure lower than the maximum estimated pressure.
Using this method, we calculated the highest pressure at which fractional crystallization of olivine ϩ plagioclase could have occurred for each of the vents. The compositions from all seven units show that fractional crystallization could not have begun any deeper than 12 kbar, or ϳ36 km depth, which corresponds to the base of the crust in this area (Fuis et al., 1987; Zucca et al., 1986) . Fractional crystallization of olivine ϩ plagioclase could have occurred at shallower depths, but at no greater depth than the base of the crust.
PRESSURES AND TEMPERATURES OF MANTLE MELTING
To estimate the pressures and temperatures of mantle melting we first calculate a model primary magma, the progenitor of the highalumina olivine tholeiites from each vent. Using the most primitive composition from each unit (Table 1) , we added equilibrium olivine and plagioclase to the lava composition in the proportion necessary to keep the liquid on the olivine ϩ plagioclase cosaturation boundary. These proportions are predicted in the Yang et al. (1996) model. For all the vents, the predicted ratio (Yang et al., 1996) was close to 71 wt% plagioclase and 29 wt% olivine. The olivine and plagioclase are added in 2% increments at the 71:29 ratio, recalculating the equilibrium composition after each increment, until the resulting magma is in equilibrium with mantle olivine having a forsterite component of 89 mol%, approximately that of the mantle. This is the model primary magma. The compositions required addition of from 4 to 35 wt% olivine ϩ plagioclase to bring them into equilibrium with mantle olivine.
The assumption that these liquids were saturated with only olivine ϩ plagioclase is based on three lines of reasoning. (1) All of the highalumina olivine tholeiites that have been examined show compositional and petrographic evidence for olivine ϩ plagioclase saturation. (2) We explored models that assume that the primitive magmas had just reached olivine ϩ plagioclase saturation, and prior crystallization involved only olivine. When olivine alone is added to produce a liquid that is in equilibrium with Fo 89 mantle olivine, the model primary liquid compositions yield pressure estimates at crustal, not mantle, depths, and their compositions are not similar to the primary magma compositions predicted by the Kinzler and Grove (1992) model. (3) The addition of the phases that are present in the primitive lavas (olivine ϩ plagioclase) is sufficient to bring the liquid to a composition in equilibrium with a mantle peridotite residue.
Using the algorithm of Kinzler and Grove (1992) for spinel-lherzolite melting and the compositions of the model primary magmas, we calculated pressures and temperatures of mantle melting. There is an increase in maximum calculated pressure from west to east across the arc corresponding to nearly a doubling in depth of the origin of the magma, from 12 kbar (ϳ36 km depth) in the west to 22 kbar (ϳ66 km depth) in the east. Temperatures likewise increase across the arc, from 1300 ЊC in the west to 1450 ЊC in the east (Fig. 3) . Bartels et al. (1991) found, through phase equilibrium experiments, that a highalumina olivine basalt from Giant Crater is in equilibrium with spinel lherzolite at 1290 ЊC and 11 kbar, in agreement with our results (see also Bacon et al., 1997) .
The Kinzler and Grove (1992) model is calibrated for dry melting. While we chose the most primitive, driest magmas, results for two of the samples, the basalts of Tennant and Yellowjacket Butte, indicated the influence of fluid as the analysis proceeded. The parental magmas from these lava flows that were used for the model primary melt calculation have elevated Sr values of ϳ350 ppm. These elevated Sr values strongly suggest a slab fluid component. The Kinzler and Grove (1992) temperature algorithm returns anomalously high temperatures for the model primary magmas of these slightly hydrous compositions.
These two vents are shown with gray symbols in Figures 3 and 4 to differentiate them from the other, near-anhydrous compositions.
IMPLICATIONS FOR MANTLE CORNER FLOW
Although the pressures of mantle melting increase across the arc from west to east, they do not conform to the dip of the slab as inferred tomographically by Harris et al. (1991) . The descending slab is ϳ100 km beneath Mount Shasta and 200 km beneath Medicine Lake volcano, and so falls 100 km deeper over the distance of the transect. The depth of mantle melting at which the high-alumina olivine tholeiites were created, by comparison, is ϳ36 km at the western edge of the transect and 66 km at the eastern edge, and so has descended only 30 km across the transect.
The increase in the pressure of mantle melting parallels the corner flow lines in the mantle wedge calculated by Furukawa (1993) . The temperatures of mantle melting, however, are anomalously high for their proximity to the crust (Figs. 3 and 4) . These results imply that magma between 1300 and 1450 ЊC is entering the lower crust, and that mantle material at these temperatures is passing beneath it.
If mantle at this temperature remained in steady-state contact with the lithosphere at 36 km, then within 1 m.y. the bottom of the crust would have melted upward ϳ6 km, depending on composition (e.g., Mareschal and Bergantz, 1990) . Mantle above 1300 ЊC and 36 km should, moreover, be partially melted. The predicted crustal melt volumes indicated (6-7 km 3 /km 2 on the surface) are not seen on the surface, nor inferred from seismic data (Zucca et al., 1986) . We are forced to conclude, therefore, that the high-temperature mantle is in transient contact with the crust. Baker et al. (1991) showed that more than 50% of the Giant Crater series lavas were produced by a combination of processes whereby mantle melts intrude the shallow crust, assimilate crustal material, and mix with previous injections in variable amounts. The Giant Crater lava field preserves six distinctive eruptive episodes, and each successive eruption contains less crustal contamination. The last eruptive phase is a near-pristine near-primary mantle melt that does not contain a crustal component. The Giant Crater lavas were erupted ϳ10 k.y. ago over a time span of ϳ30 yr (Champion and Donnelly-Nolan, 1994) . The eruptive flux was sustained over a time that allowed crustally contaminated melts to be cleared out from the magma plumbing system and primitive high-alumina olivine tholeiites to be delivered to the surface. After the Giant Crater eruption, there was a 6 k.y. gap in Medicine Lake volcano magmatic activity (Donnelly-Nolan, 1988) . Although we do not have a precise time chronology for all seven eruptive units, it is likely that they also represent short-lived events separated by long time intervals. Therefore, magma supply to the Mount ShastaMedicine Lake region has been episodic, and the persistence of hot mantle near the base of the crust should be viewed as a transitory phenomenon punctuated by long periods of quiescence accompanied by cooling of shallow mantle.
CONCLUSIONS
Analysis of the most primitive, near-anhydrous, high-alumina olivine tholeiites erupted along a transect across the Cascades volcanic arc, northern California, shows that the magmas underwent fractional crystallization of olivine ϩ plagioclase no deeper than the base of the crust, and originated from mantle melts at 36-66 km depth and 1300-1450 ЊC, increasing from west to east across the arc. Although the depths of segregation of mantle melts increase from west to east across the arc, and temperatures of origin also rise commensurably, the increase in depth does not parallel the slab dip. Rather, the increase in depth of origin parallels modeled mantle corner flow lines. To match eruptive cycles and avoid creation of questionably high volumes of crustal melt, these high temperatures must be transitory at the base of the crust.
